1. INTRODUCTION {#sec1}
===============

Clinical and epidemiological studies suggest that sex hormones are involved in the development of depression and in response to antidepressant treatment \[[@r1], [@r2]\]. Supporting this idea, it has been shown that sudden changes in estradiol (E2) levels are associated with depressed mood in women \[[@r3]\] and that estrogen replacement therapy increased a clinical response of elderly depressed women to antidepressants, including selective serotonin reuptake inhibitors (SSRIs), such as, fluoxetine (FLX) and sertraline \[[@r4], [@r5]\]. E2 treatment alone or in combination with SSRI alleviates depression symptoms in women, suggesting an action of this hormone on the serotonergic system. For example, in ovariectomized (OVX) monkeys, a model of surgical menopause, the long-term loss of E2 leads to a decrease in global serotonin (5-HT) availability and a reduction in gene expression related to 5-HT neural function compared to intact animals \[[@r6]\]; thus, it is possible that E2 positively modulates gene expression that regulates serotonergic neurotransmission implicated in depression. This effect is probably mediated by E2 binding to intracellular estrogen receptor (ER) that interacts with estrogen response elements (ERE) in the promoter sequences of target genes \[[@r7]\], such as 5-HT transporter (SERT or 5-HTT) \[[@r8]\], tryptophan hydroxylase-2 (TPH-2) \[[@r9]\] and monoamine oxidase-B (MAO-B) \[[@r10]\]. In addition to directly binding deoxyribonucleic acid (DNA), ER can tether to other transcription factors, including activator protein 1 (AP-1), specificity protein 1 (Sp1), CCAAT/enhancer binding protein β (C/EBPβ) and nuclear factor kappa B (NF-ҡB) to regulate gene promoters that lack ERE, such as monoamine oxidase-A (MAO-A) \[[@r11]\] and 5-HT1A receptor subtype (5-HT1A) \[[@r12]\].

2. DEPRESSION IN WOMEN {#sec2}
======================

Depression is one of the most common, costly and severe psychopathologies worldwide, primarily characterized by persistent low mood and anhedonia (lack of pleasure in usually enjoyable activities). Symptoms may also include changes in sleep, feelings of guilt or worthlessness, low energy, poor concentration, appetite changes, psychomotor retardation, and thoughts of death or suicide, that result in significant impairment in everyday living \[[@r13]\].

The biological bases of depression are complex and involve multiple interacting disruptions affecting neurons and glial cells within specific brain areas, giving rise to neural network dysfunctions and symptomatology. Many biological processes implicated in depression include altered monoaminergic neurotransmission, reduced neurotrophic support, immune reaction, oxidative stress, altered stress hormone homeostasis and changes in steroid hormone levels \[[@r14], [@r15]\].

Epidemiologic and clinical data support the notion that women experience more psychiatric problems at some point in their lives compared to men, particularly mood symptoms; for example, unipolar depression is approximately twice as prevalent in women compared to men \[[@r1], [@r2]\]. In every age group, beginning at age 10, women have a higher prevalence of depression than men. This difference is most pronounced before age 45, when women appear to be at highest risk for experiencing a depressive episode \[[@r16]\].

The fact that gender differences in depression are not shown until puberty suggests that ovarian hormones contribute to depression \[[@r17]\]. Hypothalamic-pituitary-gonadal axis has been of interest to explain this sex-difference in depression risk. Opposite to the circadian release of sex hormones in males, with the onset of menarche at puberty, the female brain is exposed to monthly surges of estrogens and progesterone \[[@r16]\]. It is proposed that certain periods associated with sex hormone fluctuations across the women reproductive life cycle represent "windows of vulnerability" for new-onset and/or recurrent depression \[[@r18]\]. Different hypotheses have been proposed to explain this increased vulnerability in women. Historically, low levels of E2 have been considered the root of depression, but recent evidence suggests that women developing symptoms that need treatment are more vulnerable to drastic changes in hormonal milieu \[[@r19]\]. For example, the high concentration of allopregnanolone, 5α-reduced metabolite of progesterone, at luteal phase seems to precipitate distress and mood alterations in women suffering premenstrual dysphoric disorder (PMDD). Accordingly, stabilization of allopregnanolone levels by means of 5α-reductase inhibitor dutasteride mitigates symptoms of PMDD, with no effects on asymptomatic controls \[[@r20]\]. In addition, depressive symptoms have been identified in a subset of women during postpartum period, in which delivery and placenta extraction reduce hormone levels \[[@r21]\], and in the perimenopausal transition (between 45 to 50 years)¸ a period associated with depression characterized by fluctuations in estrogens and increased follicle-stimulating hormone \[[@r22], [@r23]\]. Also, it is suggested that depressive episodes related to reproductive events, may predict depression during menopausal years that occur in women over 48 y.o. After menopause, the female brain must once again adapt to the absence of cyclic levels of ovarian hormones and establish a new baseline of homeostasis in order to maintain normal brain function. The inability to rapidly establish a new baseline of neuronal function could lead to increased susceptibility to mood disorders \[[@r17]\].

3. MECHANISM OF E2 ACTION {#sec3}
=========================

E2 is mainly synthesized in the ovaries, adrenal gland and Central Nervous System (CNS). This hormone exerts its actions through various mechanisms that are classified as classical and non-classical. In general, non-classical effects of E2 rapidly proceed and occur both at membrane and cytoplasmic levels \[[@r24]\].

ER is widely distributed throughout the brain regions known to be involved in the regulation of mood, such as hypothalamus, hippocampus and raphe nucleus \[[@r25]\]. E2 elicits its effects by interacting with ER, which belongs to the nuclear receptor superfamily of ligand-dependent transcription factors \[[@r26]\]. ER is expressed as two subtypes: ER-α (66 kDa) and ER-β (55 kDa), which are transcribed from different genes \[[@r26]\]. It has been reported that ER-α is a stronger transcriptional activator than ER-β due to differences in the activation function-1 domain in the amino terminus region \[[@r27]\]. It has been shown that ER subtypes are functionally distinct in terms of their ability to activate target genes in the same cell and regulate different physiological and pathological processes.

According to the classical model of ER action (Fig. **[1](#F1){ref-type="fig"}**), in the absence of ligand, ER is associated with heat shock proteins (HSP70 and HSP90). Hormone interaction induces ER conformational changes that allow dissociation of HSP proteins, promoting dimerization, phosphorylation and high-affinity binding to ERE located within the regulatory regions of target genes \[[@r26]\]. ER modulates target gene transcription by recruiting components of the basal transcriptional machinery and by interacting with coregulatory proteins. Nuclear receptor coregulators are coactivators or corepressors that are required by ER for efficient transcriptional regulation \[[@r28]\]. Nevertheless, ER can also modulate gene expression without directly binding to DNA. The receptors in such cases are tethered through protein-protein interactions to a transcription factor complex that contacts the DNA. By this mechanism, ERs regulate the expression of estrogen-responsive genes that do not contain ERE sequences. The mechanism is used by members of the nuclear receptor superfamily and is referred to as transcriptional cross-talk \[[@r29]\]. Several genes are activated by E2 through the interaction of ERs with transcription factors, including, Sp1 and AP-1 \[[@r7]\]. Other transcription factors that facilitate E2 signaling include NF-ҡB, C/EBPβ, GATA binding protein 1 and signal transducer and activator of transcription 5 \[[@r7]\]. After the separation of phosphorylated ER from the transcription complex, it can be a target for degradation *via* the ubiquitin-proteasome pathway \[[@r30]\]. ER has dual functions as a nuclear transcription factor and as a modulator of cell signaling pathways. In addition to direct transcriptional effects mediated by nuclear ER, E2 can rapidly activate the protein tyrosine kinase (SrcK)/ mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways \[[@r31]\]. The SrcK/MAPK signaling pathway can phosphorylate and activate certain nuclear transcription factors, suggesting that activation of this signaling provides an alternate pathway for E2 to regulate gene transcription independent of the direct nuclear transcriptional activity of ER \[[@r32]\].

The non-classical mechanisms for E2 actions have been documented. These include E2 interaction with receptors located at the cell membrane, growth factors and their receptors. E2 can associate with G protein-coupled estrogen receptor-1 (GPER1, formerly known as GPR30), which is a seven transmembrane domain receptor. It is located in the plasma membrane and cytoplasm. GPER1 binds to heterotrimeric G proteins to activate intracellular signaling cascades \[[@r7], [@r33], [@r34]\]. The binding of E2 to ERs at the cell surface can cause mobilization of intracellular calcium, stimulation of adenylate cyclase activity and cyclic adenosine monophosphate (cAMP) production, activation of the MAPK and PI3K signaling pathways and activation of membrane tyrosine kinase receptors \[[@r35]\].

The ability of E2 to regulate the transcription of a particular gene depends on many factors, such as the presence of certain transcription factors in the tissue, the ER expressed subtypes, and the DNA sequence within the promoter region of the gene \[[@r7], [@r24]\]. Thus, the possible convergence of classical and non-classical actions at multiple response elements provides an extremely fine degree of control for transcription regulation by ERs \[[@r7]\].

4. CHANGES IN E2 LEVELS AND DEPRESSION {#sec4}
======================================

The increased vulnerability in some women to depression occurs with the beginning of cyclic changes in gonadal hormone secretion. Although this disorder is common, it is important to note that most women do not experience depression \[[@r36]-[@r38]\]. However, changes in endocrine function resulting in unpredictable and dramatic low and high levels of ovarian hormones may predispose women to depressive disorders such as premenstrual dysphoric disorder, postpartum depression and perimenopausal depression \[[@r39]\]. These disorders are associated with reproductive stages involving fluctuations in gonadal hormone levels; specifically, female depression and female affective behaviors are influenced by E2 levels \[[@r39]\]. It has been reported that women with depression show lower levels of E2 during the follicular phase of the menstrual cycle \[[@r40]\]. Bloch *et al*., 2000 \[[@r41]\] found that induced hypogonadism, with the ovarian hormone suppressor leuprolide acetate, produced depressive symptoms in premenopausal women with a history of postpartum depression, but not in women without a history of postpartum depression. Subsequent treatment with E2 and progesterone for 8 weeks removed these symptoms. This study provides evidence on the pathophysiological relevance of E2 in the onset of postpartum depression episodes. It has been demonstrated that plasma E2 levels are 30% lower in premenopausal women with depression than their matched controls \[[@r42]\]. Interestingly, women who show rapid changes from high to low E2 levels and vice versa as in the transition perimenopause, are those who develop depressive symptoms \[[@r22]\]. Therefore, sudden changes in endogenous E2 levels may precipitate the disorder, or increase the incidence and/or symptomatology of depression in women.

Studies in perimenopausal women with depression demonstrated that E2 therapy may provide some mood benefits \[[@r43]-[@r46]\]. The meta-analysis published in 1997 by Zweifel and O´Brien \[[@r47]\] which included 26 studies (for the most part, randomized clinical trial --RCT) showed that hormonal restitution therapy (HRT, estrogens plus progestins) produces a moderate antidepressant effect in menopausal women. A recent systematic review by Rubinow and colleagues (2015) \[[@r48]\] including 24 placebo-controlled RCT provides complementary information about the efficacy of hormonal preparations for affective complaints. This meta-analysis concluded that estrogen replacement therapy (ERT) is more effective than combined HRT to improve mood. Antidepressant efficacy of ERT was confirmed in a small set of studies that included perimenopausal symptomatic women, in which depression diagnosis was established at the baseline. In contrast, ERT was ineffective to reduce depression scores in perimenopausal asymptomatic women, or postmenopausal women (70 y.o.+).

Due to limitations of antidepressant efficacy of E2, new treatments for relieving depression in women are being explored. Among them, the selective estrogen receptor modulators (SERMs) form a drug group whose chemical structure allows them to act as agonists or antagonists in a tissue-dependent manner. SERMs (*i.e*. tamoxifen, raloxifen) behave as E2 in brain and bone, but are considered ER antagonists in breast. Because of this, they are used as first-line therapy for estrogen-dependent breast cancer. Brain actions of SERMs have led to research their potential as an antidepressant, but at this moment the lack of well-controlled clinical trials limit conclusions about their therapeutic efficacy in depressed women \[[@r49]\]. Preclinical studies are actually being carried out to evaluate new estrogen-related drugs or E2 analogues in animal models of menopause \[[@r50]\]. Notwithstanding the good results in this field, much greater effort is needed to obtain effective treatments for the majority of patients.

Interestingly, E2 also has been used for increasing response to antidepressants in women. Most studies revealed that estrogen replacement therapy might augment clinical response of elderly depressed women to antidepressants, including SSRIs, such as, FLX and sertraline \[[@r4],[@r5]\]. E2 treatment combined with FLX decreases the severity of depressive symptoms in perimenopausal women more effectively than FLX alone \[[@r51]\]. These data suggest that E2 alone and in combination with antidepressants alleviates depressive symptoms in women through a mechanism that involves an action on the 5-HT system \[[@r39]\].

5. ROLE OF 5-HT IN DEPRESSION {#sec5}
=============================

The serotonergic neurons of the dorsal and median raphe nucleus in the CNS are involved in the regulation of mood; thereby a deficiency in 5-HT neurotransmission is a leading hypothesis regarding the role of 5-HT in the pathophysiology of depression \[[@r52]\]. 5-HT cannot cross the blood-brain barrier, thus this monoamine is synthesized *de novo* in the brain from its precursor, tryptophan, an amino acid obtained from the diet. Tryptophan is converted by tryptophan hydroxylase **(**TPH) to 5-hydroxytryptophan (5-HTP), subsequently, it is converted into 5-HT by the action of 5-HTP decarboxylase. 5-HT is stored in neuronal vesicles and released from serotonergic nerve terminals. Effects of this neurotransmitter on the CNS and Peripheral Nervous System are mediated through several different receptor types (14 5-HT receptors), the binding of 5-HT to these receptors initiates a series of intracellular events that modulate neuronal excitability \[[@r53]\]. The catabolism of 5-HT involves MAO enzymes. 5-HT is transported back into the presynaptic cell by SERT. Once taken up into the presynaptic terminal, 5-HT can be repackaged into secretory vesicles or is metabolized to 5-hydroxyindole-3-acetic acid (5-HIAA) \[[@r52], [@r54]\].

5-HT synthesis, release, and the interaction with its receptors and reuptake are targets of pharmaceuticals in depression treatment \[[@r14]\]. Antidepressants that influence brain 5-HT availability mainly increase extracellular 5-HT concentrations by blocking the presynaptic reuptake transporter, thus promoting serotonergic transmission at synapse level \[[@r53]\]. Reports indicate that chronic pharmacological depletion of 5-HT with the vesicular monoamine transporter inhibitor reserpine-induced depressive symptoms only in a subset of patients \[[@r55]\]. Studies on women with depression who have recovered following treatment with serotonergic antidepressants demonstrated that acute tryptophan depletion induces the recurrence of depression symptoms \[[@r56], [@r57]\]. Post-mortem and preclinical studies with positron emission tomography (PET) examining the 5-HT receptors or SERT *in vivo* provide support for serotonergic dysfunction in depression in humans \[[@r58]\]. The 5-HT1A subtype is implicated in depression and SERT is a target for SSRI, both have been quantified *in vivo*, in humans by using a high-resolution PET. Several studies have reported decreased 5-HT1A binding potential in depressed individuals compared to healthy individuals \[[@r59]-[@r61]\]. These results likely reflect a reduction in 5-HT1A expression, since it has been shown that 5-HT1A mRNA levels were reduced in the hippocampus of subjects (women and men) with a history of depression who died by suicide compared to matched control \[[@r62]\]. Women and men with depression have lower SERT binding potential in the amygdala and midbrain compared to healthy subjects determined by PET \[[@r63]\]. Staley *et al*., 2006 \[[@r64]\] reported lower SERT availability in depressed women compared to healthy women and depressed men in the diencephalon, measured by single photon emission computed tomography (SPECT) and by a magnetic resonance imaging (MRI) scan. These data suggest that the mechanisms that modulate 5-HT neurotransmission in depression are complex and not precisely defined, but appear to involve modulation of E2.

6. EFFECTS OF E2 ON SEROTONERGIC SYSTEM {#sec6}
=======================================

The effects of E2 have been observed in brain regions known to be closely involved in mood regulation \[[@r17]\]. Evidence suggests that the modulatory mood effects of E2 should largely depend on changes in serotonergic pathways. Because E2 can regulate gene expression after coupling with ER \[[@r65]\], which is expressed within the midbrain raphe nucleus \[[@r66], [@r67]\] reservoir of serotonergic neurons, it is possible that E2 modulates the expression of genes that regulate 5HT neurotransmission implicated in depression. E2 has been implicated with increased 5-HT synthesis, decreased 5-HT breakdown and modulation of serotonergic receptors \[[@r19]\].Thus, the close relationship between E2 and the 5-HT system may provide insight as to why some women experience increased susceptibility to mood symptoms during periods of hormonal fluctuation. Currently, little is known about the molecular mechanism underlying the ability of E2 to interact with the serotonergic system; effects of E2 have been primarily studied using *in vivo* models.

In this regard, long-term loss of E2 in OVX monkeys decreased global of this monoamine availability, was associated with fewer serotonergic neurons, and reduced the expression of TPH-2, SERT and 5-HT1A compared to intact animals \[[@r6]\]. Studies show that E2 treatment in OVX macaques increases TPH-2, MAO-A and MAO-B mRNA expression \[[@r9], [@r68]\]. It also has been observed that acute administration of E2 decreased 5-HT1A mRNA expression in amygdala, piriform cortex and perirhinal cortex of OVX rats \[[@r69]\]. Besides, E2 increases the SERT gene expression in the dorsal raphe nucleus in female rat brain \[[@r70]\]. Furthermore, by downregulating 5-HT1A auto-receptors and upregulating 5-HT2A receptors, E2 increases 5-HT availability for postsynaptic transmission \[[@r71]\]. Thus, E2 administration results in an overall net increase in 5-HT synthesis and availability.

E2 appears to play a modulatory role in serotonergic neurotransmission; however, it should be noticed that estrogen is probably one of several factors that affect 5-HT. Progesterone can also affect brain functioning and, consequently, mood and behavior. This could be explained because progesterone regulates neurotransmitter synthesis, release and transport and allopregnanolone modulates γ-aminobutyric acid neurotransmission; withdrawal of these hormones across reproductive phases precipitates distress symptoms \[[@r72]\]. Additionally, norepinephrine (NE) and dopamine pathways may play a role in women's increased susceptibility to depression \[[@r19]\]. This could occur through the regulation of catecholamines synthesis and degradation by E2 \[[@r73]\]. The expression of tyrosine hydroxylase (TH), which catalyzes the conversion of tyrosine to L-dihydroxyphenylalanine, a precursor to NE, is increased by E2 treatment of gonadectomized animals \[[@r73]-[@r75]\]. Given that TH is the rate-limiting enzyme for catecholamine synthesis, E2-induced increases in TH could enhance the capacity for NE production \[[@r73]\]. It also has been reported that E2 treatment in OVX rats increases the expression of dopamine β-hydroxylase (DBH), the enzyme that catalyzes the hydroxylation of dopamine into NE \[[@r73]\]. In addition, it was demonstrated in human cell culture that E2 decreases catechol-*O*-methyltransferase (COMT) protein levels, the enzyme that degrades NE and dopamine \[[@r76]\]. The mechanism by which E2 regulates TH, DBH and COMT is transcriptional, occurring through genomic effects of E2 on ERE found in TH, DBH and COMT promoters \[[@r74], [@r77], [@r78]\]. These studies reveal that E2 can increase catecholamines levels by enhancing the capacity for synthesis, while reducing degradation.

Combining animal and human studies, it is apparent that estrogens can regulate mood through actions on the serotonergic system at several levels. Elucidating the mechanisms by which E2 participates in depression is important to enhance its therapeutic potential. We analyzed the mechanisms of E2 action involved in the regulation of the expression of TPH-2, MAOs, SERT and 5-HT1A that modulate 5-HT neurotransmission implicated in depression.

7. REGULATION OF GENES MODULATING 5-HT NEUROTRANSMISSION BY E2 {#sec7}
==============================================================

7.1. TPH {#sec7.1}
--------

The rate-limiting step in 5-HT synthesis is the conversion of tryptophan to 5-HTP, catalyzed by TPH \[[@r79]\]. TPH exists in two isoforms (TPH-1 and -2); TPH-2 is expressed in the brain while TPH-1 is expressed in peripheral tissues, such as the gut, pineal gland, spleen and thymus \[[@r80]\]. Deficient levels of 5-HT, dysfunction and polymorphisms of the TPH-2 are associated with increased vulnerability to depression \[[@r81], [@r82]\]. Several post-mortem studies have examined the expression of TPH-2 in the dorsal raphe nucleus of depressed or suicide subjects, revealing an increase in TPH-2 mRNA expression using *in situ hybridization* and a higher number of TPH-immunoreactive neurons in the dorsal raphe nucleus \[[@r83], [@r84]\]. However, Bonkale and colleagues reported no change in TPH-immunoreactivity of the dorsal raphe nucleus between depressed suicide and control subjects, which indicates no alteration in the TPH-2 protein in depressed suicide subjects \[[@r85]\]. These studies reveal conflicting results regarding the role of TPH-2 in depression. One possible explanation of more TPH-2 protein and less 5-HT is an enzyme variant with less catalytic activity. A TPH-2 variant with 20% of the catalytic activity of the wild type was found in 10% of subjects with unipolar depression, and perhaps other such variants exist in other cases of depression \[[@r81]\]. The increase in the number of TPH-immunoreactivity neurons may reflect a compensatory mechanism where more serotonergic neurons are synthesizing TPH-2 in an attempt to restore a deficit in the synthesis and release of 5-HT in the brain of suicide victims.

It has been determined that TPH-2 protein levels in the dorsal raphe nucleus were reduced by OVX in female macaques \[[@r6]\]. Interestingly, E2 and conjugated equine estrogen treatment increased TPH-2 content, and this effect was blocked by the SERM tamoxifen compared to OVX control animals \[[@r86]\]. Studies indicate that ER-β is strongly expressed within the dorsal raphe nucleus of rodents \[[@r87]\] and primates \[[@r88]\], whereas ER-α is expressed to a small extent in the dorsal raphe nucleus of these species. ER-β is expressed in serotonergic neurons of dorsal raphe nucleus of OVX rats and OVX rats treated with estradiol benzoate, however, the expression of ER-β mRNA between both groups was not significantly different. In contrast, these 5-HT neurons did not express ER-α \[[@r89]\]. Accordingly, studies in OVX female rats show that E2 and a selective ER-β agonist diarylpropionitrile (DPN) enhanced TPH-2 mRNA expression in dorsal raphe nucleus \[[@r9], [@r90]\]. Furthermore, DPN attenuates despair-like behavior in the forced-swim test (FST) \[[@r90]\], suggesting a prominent participation of ER-β in mood regulation in females. The FST is an animal model commonly used for both the screening of antidepressant drugs \[[@r91]\] and the analysis of the neurobiological bases of depression \[[@r92]\]. In this model, rats are forced to swim, and while at the beginning of the test they show active behaviors (*e.g*., climbing and swimming) intended to escape from the situation, eventually they adopt a floating posture identified as immobility behavior, which is considered an index of behavioral despair \[[@r93]\]. When antidepressant drugs are administered, a reduction in immobility is produced and this is considered to reflect an antidepressant-like action \[[@r92], [@r93]\]. Furthermore, it has been described that the way in which antidepressant drugs modify the behavioral profile in the test may indicate the neurotransmission system that it modulates. Thus, drugs that modulate the serotoninergic system reduce immobility behavior and increase swimming in the test, meanwhile those that modulate noradrenergic and dopaminergic systems reduce immobility and increase climbing behavior \[[@r94]\]. In addition, the FST has proven to be sensitive to physiological changes such as steroid level variations \[[@r95]\]. In OVX rats subjected to the FST, it was observed that E2 and FLX decrease the immobility and increase swimming behavior, which was considered an antidepressant-like action \[[@r96]\]. Also, the FST decreased the TPH-2 protein content in dorsal and median raphe nuclei of OVX rats, that was prevented by FLX or E2 administration \[[@r96]\]. This suggests that, similar to FLX, the antidepressant-like effect of E2 involves modulation of the serotonergic system, probably through inhibition of synaptic reuptake of 5-HT and increasing TPH-2 expression in dorsal raphe nucleus \[[@r96]\]. E2 also reduces the synaptic 5-HT uptake by reducing the efficiency of SERT activity as indicated by a study showing that E2 treatment retarded clearance of 5-HT in hippocampal CA3 of OVX rats. According to pharmacologic studies, this effect was possible through the activation of ER-β and GPR30 receptors, however, the involved signaling pathways are unknown \[[@r97]\]. It is assumed that the E2-induced rise in intracellular Ca^2+^ levels could lead to the activation of protein kinase C which would phosphorylate SERT, causing its removal from the plasma membrane and decreasing 5-HT uptake \[[@r98]\].

Experiments have been conducted to test the hypothesis that E2 regulates TPH2 transcription *via* ER-β. The serotonergic cell line RN46A-B14 (B14), derived from embryonic rat medullary raphe cells, endogenously expresses ER-β but not ER-α. In these cells that were transiently transfected with a fragment of the human TPH-2 cloned into a luciferase reporter vector (TPH-2-luc), the treatment with E2 or DPN resulted in a dose-dependent increase of TPH-2-luc activity. In contrast, E2 conjugated to bovine serum albumin did not have effects on TPH-2-luc activity. Also, treatment with ICI 182,780, an ER antagonist, blocked E2 or DPN-induced TPH-2-luc activity in transfected B14 cells \[[@r9]\]. These data support the concept that E2 induced TPH-2 transcriptional activity occurs through classical ER-β signaling pathways. A classical ERE half-site has been identified on the TPH-2 promoter; deletion and site-directed mutation of this site abolished the effect of E2 or DPN on TPH-2-luc activity \[[@r9]\]. This finding confirms that the ERE half-site plays an important role in the ER-β mediated regulation of TPH-2 transcriptional activity. In B14 cells numerous putative DNA response elements were found on the TPH-2 promoter, including Sp1, AP-1 and C/EBPβ sites, which appear to play an important role in the regulation of TPH-2 gene transcription by E2 \[[@r9], [@r99]\]. These studies suggest a direct interaction between E2 and ER-β with the ERE half-site of the TPH-2 promoter.

Although it is possible that ER-α acts on the THP-2 promoter, this has not been studied yet. Thus, it would be important to test the effects of ER-α on TPH-2 transcriptional activity in human serotonergic neurons.

7.2. MAO {#sec7.2}
--------

MAOs are mitochondrial enzymes that catalyze oxidative deamination of biogenic amines, including 5-HT and catecholamines in the CNS and peripheral tissues \[[@r88], [@r100]\]. Two isoforms of MAO have been identified, designated types A and B, which have distinct substrate affinity and inhibitor sensitivity \[[@r100]\]. MAO-A and MAO-B are encoded by separate genes \[[@r88], [@r101]\]. The different promoter organization of MAO-A and MAO-B genes may underlie their different tissue- and cell-specific expression, which raises the possibility of differential regulation by E2. MAO-A has a higher affinity for 5-HT and NE, while MAO-B predominantly metabolizes phenylethylamine and benzylamine, although it also degrades 5-HT and both MAOs can degrade dopamine \[[@r88], [@r102]\]. MAO-A protein and mRNA are expressed in catecholaminergic neurons and MAO-B protein and mRNA are expressed by serotoninergic neurons of the raphe nucleus, however, MAO-A mRNA also is detected in the dorsal raphe nucleus of primates \[[@r103]\]. These data suggest the coexistence of the isoenzymes in raphe neurons.

Inhibitors of MAO were among the first drugs successfully used for the treatment of depression. The use of irreversible MAO inhibitors began by serendipity since the antitubercular agent iproniazid was found to have antidepressant effects in tuberculosis patients who suffered from depression \[[@r104]\]. Thus, the ability of MAO inhibitors to relieve depression suggests that MAOs dysfunction has been implicated in depression \[[@r105]\].

MAO-A specific distribution volume is significantly elevated in the brain of patients with major depressive disorders compared to healthy individuals \[[@r106]\]. In addition, women of perimenopausal age (41-51 years) showed an elevated MAO-A total distribution volume (an index of MAO-A density, is measurable *in vivo* in the brain using harmine labeled with carbon 11 positron emission tomography) compared to reproductive age and menopausal age women \[[@r107]\], which is positively correlated with depressive symptoms \[[@r106], [@r108]\]. In contrast, the MAO-B levels were measured in *locus coeruleus* and dorsal raphe nucleus of psychiatrically normal individuals and age-matched subjects with major depression; comparison between these groups revealed no significant differences in MAO-B levels \[[@r109]\].

A study conducted on the OVX female macaque model showed that E2 treatment decreased MAO-A mRNA and protein levels in the dorsal raphe nucleus and in hypothalamus; in contrast, E2 did not have effects on MAO-B mRNA and protein expression in the dorsal raphe nucleus \[[@r88], [@r110]\]. In rats, MAO-A activity decreased with E2 in hypothalamus \[[@r111]\]. However in the *locus coeruleus* and cerebellum of the rat, MAO-A activity decreased and MAO-B activity increased with E2 \[[@r112]\]. A decrease in the MAOs mRNA expression would be reflected by a decrease in protein content, which in turn may reduce MAOs activity, and this action could elevate extracellular levels of 5-HT and elevate mood.

It is proposed that areas with predominantly ER-β, such as the dorsal raphe nucleus and paraventricular nucleus, showed regulation of MAO-A, but not MAO-B, whereas areas with predominantly ER-α, such as the preoptic area, showed regulation of MAO-B, but not MAO-A. The ventromedial nucleus contains both ER subtypes and exhibits regulation of MAOs by E2 \[[@r113]\]. This suggests that ligand-activated ER-β modulates the expression of MAO-A, whereas MAO-B may be regulated by ER-α. However, there could be an exception to this generalization. The MAO-A promoter does not contain canonical ERE, however, the presence of three Sp1 sites may provide a mechanism for ER regulation of MAO-A expression *via* Sp1 tethering \[[@r11]\]. Moreover, the MAO-B promoter region has two clusters of overlapping Sp1 sites near the initiation start site and half-ERE sites were found within 2 kb of the promoter region \[[@r10]\]. Sp1 sites could mediate the E2 action indirectly through interaction between ER and Sp1, whereas E2 activated ERs can interact directly with MAO-B promoter by binding to half-ERE.

7.3. SERT {#sec7.3}
---------

5-HT is released into the synaptic cleft where it exerts its action on pre and postsynaptic serotonergic receptors. SERT is responsible for 5-HT reuptake at the terminals and cell bodies of serotonergic neurons. SERT is a protein with 12 transmembrane domains located at the presynaptic and somatodendritic membranes of most serotonergic neurons \[[@r114]\] and SERT belongs to a large family of sodium-dependent neurotransmitter transporters \[[@r115]\]. This protein is the target of drugs currently used to treat depression named selective SSRI, which increase synaptic 5-HT concentration by blocking SERT activity. Although inhibition of uptake is achieved rapidly, improvement of mood usually occurs in an antidepressant therapy only after 2-3 weeks \[[@r116]\].

Changes in SERT expression are shown in psychopathologies such as depression. In a meta-analysis of 18 studies with 364 depressed patients free from comorbidities or medication and 372 control subjects, SERT reductions were observed in midbrain and amygdala, but there were no differences in other brain regions, such as the brainstem, thalamus, frontal cortex and cingulate cortex \[[@r117]\].

There exist several studies showing that SERT expression is sensitive to HRT. Although there are reports indicating that chronic E2 treatment in OVX animals downregulates SERT mRNA levels in midbrain raphe nucleus \[[@r113], [@r118], [@r119]\], most studies agree that there is a direct relationship between HRT or E2 and SERT expression, as indicated by several investigations in macaques in which HTR increased the binding of citalopram (an SSRI) to SERT, the SERT immunofluorescence in fiber tracts and the \[^3^H\] 5-HT uptake in brain regions that receive serotonergic projections, such as hypothalamic nuclei \[[@r120]\]. Additionally, acute administration of E2 increases SERT mRNA levels in dorsal raphe nucleus of OVX rats; this effect was blocked by the SERM tamoxifen \[[@r70], [@r121], [@r122]\]. It has also been determined that chronic administration of E2 or raloxifene, a SERM that has estrogenic-like effects, increased SERT protein in the OVX monkey dorsal raphe \[[@r110]\]. There are also reports showing that conjugated equine estrogen treatment, a common ERT for menopausal women, increased SERT protein content in the macaque dorsal raphe. It must be noted that macaques have a menstrual cycle similar to that of women \[[@r123]\]. All these studies suggest that ER is involved in mediating E2 action on the regulation of SERT. In contrast, in healthy women, SERT binding potentials did not significantly differ between follicular and luteal phases in dorsal raphe nucleus examined with PET, indicating that the fluctuating levels of steroid hormones during the menstrual cycle are not related to SERT modulation \[[@r124]\].

A direct interaction between ER-β and SERT through protein-protein interaction was proposed, as the signals for ER-β and SERT overlap in the cell bodies of serotonergic neurons \[[@r89], [@r98]\]. In rodents, ER-α and ER-β are co-localized with SERT in 5-HT neurons of the dorsal raphe nucleus, while in monkeys only ER-β is co-localized with SERT in 5-HT neurons \[[@r113], [@r125]\]. This differential expression of ERs might contribute to species-related differences in the effects of E2 on SERT mRNA levels in the dorsal raphe nucleus. The increase in SERT mRNA levels may be mediated by a direct action of E2, since a consensus ERE was identified in the SERT promoter region, and ERE is located 1.2 kb upstream of the transcription start site \[[@r8]\]. Although it was determined that ligand-activated ER modulates the promoter activity of some genes through other transcription factors, Sp1, AP-1, NF-ҡB and C/EBPβ sites are located in the SERT gene promoter that may play important roles in the endogenous expression of this gene \[[@r8]\].

7.4. 5-HT1A {#sec7.4}
-----------

The 5-HT1A is a protein with seven transmembrane domains that is coupled to G-protein, inhibits adenylyl cyclase activation and reduces cAMP levels \[[@r126]\]. The 5-HT1A receptors are located in serotonergic neurons of the dorsal and median raphe nuclei (autoreceptors; somatodendritic location) and postsynaptically in the frontal cortex, septum, amygdala, hippocampus and hypothalamus \[[@r127]\]. Activation of the somatodendritic 5-HT1A autoreceptors of raphe nucleus reduces the firing rate of serotonergic neurons \[[@r126]\] and consequent the release of 5-HT from nerve terminals \[[@r128]\].

Treatment with SSRIs and MAOIs during weeks leads to desensitization of the 5-HT1A autoreceptor in raphe dorsal nucleus \[[@r129]\]. It has been determined that postsynaptic 5-HT1A receptors are reduced in cortical regions in depression \[[@r130]\]. Besides, overexpression of the 5-HT1A autoreceptor was implicated in reducing serotonergic neurotransmission, and is associated with depression \[[@r131]\]. Several clinical PET studies examined 5-HT1A receptors in patients with depression, and showed discrepant results. Various authors reported lower 5-HT1A \[11C\] WAY100635 binding potential in the dorsal raphe nucleus \[[@r59], [@r60], [@r132]\], while others reported higher 5-HT1A binding potential \[[@r63]\]. However, most studies in major depression patients that have used binding potential as a measure of 5-HT1A receptor function, have consistently found a decrease in 5-HT1A receptor binding in raphe as well as limbic and cortical regions \[[@r133]\]. The association of depression with a reduction in 5-HT1A receptors seems contradictory, but this could be explained by the fact that most studies did not differentiate between autoreceptors and heteroreceptors, whose role in depression may be opposite \[[@r134]\].

The fluctuating levels of steroid hormones during the menstrual cycle may affect the 5-HT system in animals and humans; however, there are only few *in vivo* studies that have explored brain neurotransmission in relation to menstrual cycle phases in women. A study in healthy women found no significant differences in 5-HT1A binding potentials between phases of the menstrual cycle examined with PET \[[@r124]\]. In rats, 5-HT1A autoreceptors are located on serotonergic neurons of the dorsal and median raphe nuclei and postsynaptically in the hypothalamus, limbic and cortical areas \[[@r135]\]. Chronic treatment of E2, tamoxifen or raloxifene did not affect 5-HT1A binding and mRNA levels in subregions of the hippocampal formation, prefrontal cortex, cingulated cortex and dorsal raphe nucleus of OVX female rats \[[@r136]\]. In contrast, in OVX female macaques treated with E2, a decrease in 5-HT1A autoreceptors mRNA levels in dorsal raphe nucleus was observed \[[@r118]\]. These differential effects may be determined by inter-specific variations on ER expression. For example, while ER-β appears to be predominant in the serotonergic cells of several species \[[@r67], [@r137]\], ER-α may only be expressed in murine serotonergic cells \[[@r67]\].

E2 regulates the expression of the 5HT1A in monkey kidney cell line (COS-1) transiently cotransfected with human 5-HT1A promoter, and expression vectors encoding NF-ҡB, ER-α or ER-β and treated with E2, tamoxifen or ICI 164384. E2 and tamoxifen up-regulate the expression of the 5-HT1A *via* a mechanism involving synergistic activation by NF-ҡB with ER-α. Only ER-α, but not ER-β was able to mediate E2 effects, and mutation analysis showed that the transactivation domain of the p65 subunit of NF-ҡB and activation function 1 of ER-α were essential for regulation of 5-HT1A. The 5-HT1A gene lacks canonical ERE sequences, but the promoter contains two putative NF-ҡB binding sites; thus, the presence of NF-ҡB proteins is critical for synergistic induction by ER-α \[[@r12]\]. These data suggest that E2 may regulate 5-HT1A or autoreceptor expression through interaction between ER-α and NF-ҡB.

Conclusion
==========

Deficiency in 5-HT neurotransmission and low levels of E2 are involved in the development of depression in women. ERT in depressed perimenopausal women reduces depressive symptoms; in addition, data from few clinical trials support the notion that postmenopausal women may benefit from E2 augmentation therapy to serotonergic antidepressants. Data showed in this review suggest a relationship between E2 and serotonergic neurotransmission system that may be involved in the neurobiological mechanism of depression. E2 modulates the expression of genes that regulate 5HT neurotransmission, such as TPH-2, MAO-A and-B, SERT, and 5-HT1A, which are implicated in depression (Fig. **[2](#F2){ref-type="fig"}**). SERT and TPH-2 contain a ERE, MAO-B a half ERE in their promoter regions and may thus be regulated by E2-activated ER-β directly binding to DNA. Also, the promoter regions of SERT, TPH-2 and MAO-B have regulatory elements for multiple transcription factors including AP-1, Sp1, C/EBPβ and NF-ҡB, which might bind activated ER. The MAO-A promoter does not contain canonical ERE, however, the presence of three Sp1 sites may provide a mechanism for E2 regulation of MAO-A expression *via* Sp1 tethering. The 5-HT1A gene lacks canonical ERE sequences, but the promoter contains two putative NF-ҡB binding sites that could mediate the E2 action indirectly through interaction between ER and NF-ҡB binding.

Studies have largely focused on the role of E2 in depression; however, more information about the mechanisms by which E2 participates in the regulation of depressed mood in women is needed. Identification of target genes for E2 implicated in pathophysiology of depression could be a strategy for developing more specific treatments for affective disorders in perimenopausal and postmenopausal women.
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![Mechanisms of estradiol action. 1) In the classical model of estradiol action, in the absence of ligand, estrogen receptor is associated with heat shock proteins (HSP70 and HSP90). Estradiol interaction induces estrogen receptor conformational changes that allow dissociation of the HSP, promoting dimerization, phosphorylation and high-affinity binding to estrogen response elements (ERE) located within the regulatory regions of target genes. Estrogen receptor modulates target gene transcription by recruiting components of the basal transcriptional machinery (BTM) and by interacting with coregulatory proteins (Coactivators: CoA or Corepressors: CoR). Estrogen receptor can also modulate the expression of genes without directly binding to deoxyribonucleic acid by tethering to other transcription factors through protein-protein interactions in the nucleus, including specificity protein 1 (Sp1) and activator protein 1 (AP-1), nuclear factor kappa B (NF-ҡB) and CCAAT/enhancer binding protein β (C/EBPβ) to regulate gene promoters that lack canonical ERE sequences. 2) Estrogen receptor localized into the cell membrane or cytoplasm has been proposed to mediate estradiol activation of the protein tyrosine Kinase (SrcK)/mitogen-activated protein kinase (MAPK) signaling pathway, and can phosphorylate and active certain nuclear transcription factors. 3) In the non-classical mechanisms of estradiol action, estradiol binding to G protein-coupled estrogen receptor-1 (GPER1) induces cyclic adenosine monophosphate (cAMP) production and MAPK, and activates phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways.](CN-17-459_F1){#F1}

![Estradiol regulates the expression of tryptophan hydroxylase-2 (TPH-2), monoamine oxidases (MAOs), serotonin transporter (SERT) and serotonin-1A receptor (5-HT1A) through classical mechanisms. Classically, estradiol-activated estrogen receptor dimers contact estrogen response elements (ERE) in the promoter regions of target genes, such as TPH-2, MAO-B and SERT, to initiate transcription. Besides, estrogen receptor can modulate the expression of genes without directly binding to deoxyribonucleic acid by tethering to other transcription factors, including specificity protein 1 (Sp1) and activator protein 1 (AP-1), nuclear factor kappa B (NF-ҡB) and CCAAT/enhancer binding protein β (C/EBPβ). The MAO-A promoter does not contain canonical ERE, however, the presence of three Sp1 sites may provide a mechanism for estradiol regulation. The 5-HT1A gene lacks canonical ERE, but the promoter contains two putative NF-ҡB binding sites that could mediate the estradiol action indirectly through interaction between estrogen receptor and NF-ҡB binding.](CN-17-459_F2){#F2}
